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reflections from vehicle wing surfaces, landing gear struts , fuel pods , etc.

This report documents two possible approaches for extracting required
feature information from omnid irectiona l signals. The first approach is
Time Signal Processing .-~ If the transmitter is producing a pulsed waveform
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the attenuated delayed/signals resulting from on—board reflectors (surfaces,
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waveform with the result being a plot of the tine delay and amp litude of each
reflection0 While this does not uniquely locate each reflector it does
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and the receiving antenna being at the foci. Taking several aspect angles,
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aspect angle change is mon—uniform ly sampled in a manner cons~~~ent with theCepstrun equations and again the result is a plot of time delay\and amplitude
of reflections. -. \While both approaches give the sane type of output, they are\comp le-
nentary not redundant. For a specif ic situation one may be desir~~ over the
other . Both approaches appear feasible at this time, but future effort should
investigate the effects of noise, digitization samp ling rates, non-.\lirtearity
of receivers , non—omnidirectiona l reflections , and object location ~mbiguity .
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PREFACE
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The RADC Post-Doctoral Program is a cooperative venture between RADC

some sixty-five universities eligible to participate in the program.
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(School of Electrical Engineering), Georgia Institute of Te1chnology

iool of Electrical Engineering), and State University of New York at

7alo (Department of Electrical Engineering) act as prime contractor
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:ting their time between the customer location and their educational
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EVA LUAT ION

The Features Study Project was fully funded by the Rome
Air Deve l opment Center Laboratory Director ’s Fund. Syracuse
Un i versity has developed two unique approaches for deriving
the featu res, characteristics , and con~ i qurat i on of airborne
vehicles . These di g ita l signal processing techniques utHize
RF Transm i ssions from amnldirecf i ona~ antennas on—board thetarget vehicle. The Transmission s are rece i ved and recorded
by remote l y located receiving systems. There are many quest i ons
st i l l  to be reso lv ed , but this effort has prov i ded basic research
into an area of very high potential pay—off .

“- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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Project Engineer
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1. INTRODUCTION

1.1 Objective

This study was motivated by an interest in determining features and

characteristics of the configurations of aircraft and space vehicles by

monitoring their RF external transmissions. The theoretical foundations

are presented in this report , along with simulation results, from which

techniques can be developed to implement this method of detection. Addi-

tional work is needed to determine whether or not the techniques are

practically feasible.

1.2 Background

This was a theoretical study of limited time duration. A survey of

the unclassified literature did not reveal any publications relating di-

rectly to this subject. Consideration of many of the existing detection

techniques , such as those used in radar systems, did not suggest any methods

of solution to this proposed problem. Finally , it was decided to concen-

trate this study on the application of Cep~trum* techniques to this problem .

2. GENERAL APPROACH - CEPSTRUM ANALYSIS

In the analysis that follows, it is assumed that the particular type

vehicle which is being monitored has been identified and the objective is

that of determining its configuration. In other words, can it be determined

*B.P.  Bogert , M.J.R. Healy, and J.W. Tukey, “The Quefrency Analysis of Time
Series for Echoes , ” Pro. Symp. Time Series Analysis, M. Rosenblatt , ad.,
John Wiley and Sons, N.Y., 1963, pp. 209—243.

1

.
~~~

- 
~~~

— • — —--—. — • .—- - — .—
~ 

•

~~
-..- - —- -w~~~~~~~-—-v’~-— —-- ~~~~~~~ ~~~~~~~~~ 

- -~~~~
- •. 

• • —



if the known type vehicle is armed , are its wheels down , are its wing tanks

in p lace , etc. The general approach to developing s a method of detec-

tion is as follows. It is assumed that the RF transmissions of any vehicle

of interest has been monitored and recorded in the past when the vehicle

is in what may be called a ‘no rmal ’ or ‘neut ra l ’  configuration. rn the

analysis below, this known signal is represented by x ( t ) .  Any change in

this  normal configurat ion, such as the addition of armaments or wing tanks ,

will be equivalent to introducing obstacles or scatterers which will af-

fect the patterns of the vehicle ’s tran~~nittin g antennas . In fact , these

obstacles are interpreted as point sources of reflections which distort the

orig inal signals by causing multipath transmissions . Cepstrum analysis of

this multipath signal provides an estimate of the locations Of the reflec—

tions and, hence , an estimate of the change in the vehicle features .

For example, suppose that an aircraft has an omnidirectional antenna

mounted under the fuselage as shown in Figure 1. Furthermore , assume that

the far—field signal, x(t), received from this antenna is known. To simp—

lify the illustration assume that the aircraft is moving on a radial

straight line toward the receiving site.

Now suppose that armament is placed under the wing as indicated in

Figure 2. Under this condition , the received signal is:

y(t) = x(t) + cLx(t — T ) .  (1)

The distance d in Fig 2 is related to by:

d = ci, where c is free—space velocity of propagation
of the signal. (2)

For a given vehicle, if d is determined , its configuration is known; or,

2
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AIRCRAF T WING

I ANT E NNA

NORMAL CO NFIGURATION OF A IRCRAFT

FIGUR E I

H— dH WING

OBSTACLE I ANT ENN A

MODIFIED CO NFIGURATION OF A IRCRAFT

FIGURE 2
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in general , if loca tions of several sources of ref lections are dete~-mi~~ d ,

information about the configuration of ~~~ • ‘e~ i:l e is -~bt a in ed .

A cepstrum analysis of (1) ~‘ill now ~e developed to illustrate how

T and ~ can be determined.

Take the Fourier transform of (1):

Y(~ ) 
= X ( w ) [ l  + ao~~~~~

T
] (3)

~ ft e r  th i s , take the logari thm of both s ides:

in (Y( ~~) = ~n ( X ( ~~) )  + Zr.[l + ~~~_3~~T
] (4)

Ass ume ~~ << 1. Note: This assumption is not necessary , but it

*sim pL fie s  the analys is .  Then :

= Z n ( X ( ~ ) )  + 
-j ~~T (

~
)

Taking the inverse Fourier  t r a n s f o r m :

F
1
(~ nY (~ ) )  = y ’( t ) = F 1(inX (~ ) )  + c~~(t -

= x ’ ( t )  + cx S( t  — t)  (6)

— t )  = y ’ ( t )  — x ’(t) (7)

where

— i) = 1, t =

= 0 elsewhere.

Equation (7)  is our desired result. Recall that x(t) and , conse-

quently, x’(.t) are known. Also, y(t) is the received signal; therefore ,

y’(t) is known. Therefore, (7) yields an impulse of strength ci located

+ w) = w — + — .... = ~~(1)(n+l) 
~~ 

; w
2 

< 1

4
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- —

at t 
~~~~

. But d cr and , therefore , d has been determined . This  indicates

tha t  an ob jec t  has been added to the veh ic le  at a d i s tance , d , f rom the

antenna as ind ica ted  in F igure  2 . No te : If  
~~ ~< 1 does not hold ,

equa t ion  ( 7 )  w i l l  include a d d i t i o n a l  terms of the  fo rm

,~(t  — n T )  which  can be i d e n t i f i e d  and d i s r e g a r d e d .

This same analysis  can be app lied to oases of more than one source

of reflect ions. Examples of multiple reflections are included in the simu-

lation results.

There are a number of different ways in which this technique may be

processed in p rac t i ce .  Two spec i f i c  methods  were selected fo r  f u r t h e r

development  and computer s imula t ion  in the rema ining t ime  ava i l ab le .  One

method is tha t  of processing the received RF signal d i r e c t l y as a tim e

f u n c t i o n .  Because th i s  implementa t ion  fo l lows n a t u r a l l y from the  ceps t rum

analysis presented above, it is developed first in this report. The other

method mon i to r s  and processes the radiation pattern of the RF transmissions.

It requires additional innovation and is presented second .

3. TIME SIGNAL PROCESSING

3. 1 Anal ysis

A signal typ ica l  of what many a i r c r a f t  may t ransmi t  is shown in

Fi gure 3. I t  may be processed at the  receiver  as an RF , IF , or baseband

si g n a l .  I f  the rece iver  does not d i s t o r t  the  o r ig ina l m u l t i p a t h  r e l a t i o n s ,

it is convenient to process the baseband or envelope signal . As shown in

what follows , processing the signal after i t  has passed throug h any

l inear  f i l t e r , y ie lds  the same r e s u l t .

5
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In practice , of course , t h i s  analys is  would he accomp l i shed  on a digi-

ta l cc:~~~t e r  ‘i s i n~ t Pe d i s c r e t e  •-~i~~~er t r a n s f o r m  (OFT) or Fast  Four ier

Trans fo rm (FFT) .  Consequen t ly ,  ir. t~.e exa mp le below t h e  s ignal  is given as

discre te  data and numer ica l  or d i s c r e t e  t echn iques  are used .

The received signal is r e p r e s e n t e d  a s :

p
v(n) = x (n ) + ~ o x(ct - n ). (8)

.‘~ 1 1i=l

In (8) , x ( n )  is the  received s ignal  when the veh ic le  is in ‘n o r m a l ’
p

conf igura t ion  and ~ ~~ x(n  — n~ ) represen ts  the con t r i bu t i ons  of p obstacles .
i= 1

The variable , t ime , has been suppressed and the in terval  (n(K+l)  — n ( K ) )

corresponds to the  uni t  samp ling t ime , T .

If y(n) is passed through a linear filter whose impulse response is

s (ri) y (n )  * h (n )  (9)

where * indicates convolution . Note: Hultiplication is represented by the

symbol * in the computer printouts.

Taking the Fast Fourier  Transform (FFT) of (9) yields :

S( K)  Y ( K ) H ( K )  = X ( K ) ( l  + 
~ 

~~~~~~~~~~~~~~~~~~~~~ (10)

where
(N—l) p —j(2ff/N)Kn

Y(K) = ~ (x(n)  + ~ a1x(n  — n
1

) ]~
n 0  1=1

K = 0 ,1,2 . . . (N—i) (11)

H(K) = ~~~~~~~~~~~~~~~~~~ ; K 0 ,1,2 ...(N-l) (12) .

7 1
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Next:

2 2 ~j (2 1r IN)Kn . 2
= 9n~X(K)H(K)) + ~n l l  f c

~~
c ( 13)

i= 1

- Here the Zn~ S(K) ) 2 
is used instead of Qr i [ S ( K ) ) as indicated in Section 2.

The loga r i thm of a complex number is mult ivalued . Usually ,  in computatior~

only the principal value is used. When dealing wi th  func t ions  that  vary

over more than one wavelength , this practice introduces discontinuities

and errors in the results. Using the magnitude or absolute value of S(K)

eliminates this problem. However , in the result this introduces an impulse

at (N - a .) as well as n
i 
when a signal cLx(n—n 1

) is present. This addi-

tional impulse can be recognized and disregarded as shown in the simulation

b~ iuw.

If ‘~ << 1, i.e., ci cx 0, (14)
I m l

2 2 p 2
ln~ S (K ) J £ n l X ( K ) H ( K ) ~ + ~ 2ci~ cos (-

~~~~ 
n
i

K)
1=1

p 2 2
cos (‘v- f i

R) in~ S(K)~ — ln~ X ( K ) H ( K )~ (15)
i= 1

Applying the inverse FFT (FFT~~~) :

[~ (n - n1
) + ~ (n. = FFT 1 

lnlS(K)1
2
-

FFT 1
~ln~X(K)H(K)I

2. (16)

Aga in , (16) is our desired rescilt. Recall that X(K) is known because

x(n) is known and S(K) is determined from y(n) which Is the received

signal. Note in (16) that there are two impulses for each reflection.

Because of the perlodicity of the FFT, (ri + n 1) (N—n 1) .

8
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Also, if the condition < 1 does not app ly, add itional impulses are

present . This is discussed below. Also note that any processing of the re-

ceived signal that may be represen ted by a linear transfer func tion such as

H(K) appearing with the above equations will not affect the results.

3.2 Simulation

This technique was simulated on a digital computer. The program ,

SILVERNAN/DRSIL , which was used is included In the appendix. The results

are as predicted by the  theory in these  abs t rac t , noiseless examples. Four

cases are i l lus t ra ted in Figures 5 thro ugh 25.

Case I: One Reflection

x(n)  = 1, 0 < a < 7 (Fig .  5)

= 0, 8 < n < 15

—0 .25nh ( n )  =

(Fi g. 7)
= 0.2

a . = 3 (delay)

FIgure 10 is a plot of the cepstrum : ct . [ 5 ( n  — a
1

) + cS (n + n
1

) )  =

O.2[~~(n — 3) — ~(n + 3)]. Note the amplitude of a = 0.2 at n = 3 and

n = (N - 3) = 13. Also note the amplitude = (—0.1)cx = — 0.02 at n = 6

and a = (N — 6) = 10. These addition impulses occur because of the

expression for  the logarithm:
2 3 4

ln(l + w) = w - ~~~~+~~~--~~ - -+

In the analysis in SectIon 2 it is assumed that 2.n(l + w) ~ w. In th i s

2rr iT
particular case: w 2a cos(j- n1

K) = 0.4 cos -
~~

- (3K), and

9
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~~•

- 
w
2 

= 
(0.4)2 cos (

~ 3K)
2 

= (0.O-~) ( l  - cos 6K)

= —0.u2 [l — 
j’~~/8)6K 

— 
—j (-’/8)6K 1

This term accounts for the cepstrum responses at n = 6 and r. = (N—6) = 10.

Because only the magnitudes of the data are plotted, the minus sign is not

apparent at a = 6 and n = 10, but it did appear In the numerical calcu-

lations.

Case 2. Two Reflections

x(n) = 1, 0 < n < 7 (Fig. 11)

= 0 , 8 < n < l 5

h ( n ) ~~
O.25n 

(Fig. 7)

= J .Z ; ci = 0.1

; n
2

4

Figure 15 is a plot of the cepstrum :

a
1[~ (n —n1

) + c5 (n +11
2
)1 + a2[~

S(n °2~ 
+ ~(n

= O.2[s5(n —3) + S (n +3)] + O.1[S(n —4) + ~S(n + 4 ) ] .

The response is as expected. Note that in addition to the added responses

at values of n equal to 2n1 = 6; 2112 = 8; N — 2111 = 10; N — 2n 2 = 8,

there is also a response at (n1+n2) 7. Again, this does not appear in

our original analysis because of approximations . However, note that these

additional terms are at least an order of magnitude less than the principal

responses and they can be predicted.
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Case 3: Two Reflect ions , TrapeZoidal Shape Input Signal :

x (n )  = f O . 3 ,O . 7 , 1,1, 1, 0. 6 , 0 . L U . 2 , 0 , 0 , . . 0 }  n 0 ,1,2 , ... 15.

(Fig . 16)

h (n )  = c
_
~~~

2Sn (Fig. 7)

~ = 0 . 2

,; n~~~~ 4

This example has the  same parameters  as Case 2, but the function

x ( n)  is d i f f e r en t than Case 2. The p lo ts  of x (n) , y ( n ) ,  x (n ) * h ( n ) , v ( n) * h (n ) ,

the cepstrum are shown in Figures 16—20. The results are the same as Case 2,

Case 4: One Reflection , Complex Reflec tion Coeff icient

This examp le has the same parameters as Case 1 except for the reflec-

tion coeff ic ient , ci. For case 4 ,

ci = 0. 2 + j O .2 .

The plots of x(n), y (n) , x(n)*h (n), y(n)*h(n), and the cepstrum are shown

in Figures 21— 25.  The results are essentially the same as those of Case 1.

3.3 Summary

Cepstrum processing a signal as a time function has appeal in this

detection problem because it requires the briefest time of observation. Al-

though this technique worked well in the ideal computer simulation , there

are several factors which may limit its usefulness in practice. Among

these factors are :

1. The effect of vehicle orientation on accuracy of results.

2. The receiver transfer funtion. A careful study should be made

11
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to insure that the receiver does not distort the original multipath

relations .

3. Noise. The multipath transmission resulting from the obstacles

will cont r ibute  low level signal pa r t i cu la r ly  at the t ra i l ing edge of the

main signal. These must not be masked by the noise.

4. Resolution and sampling rate . The sampling rate determines the

minimum distance that  two conti guous obstacles can be separa ted and still

be resolved as two (not a sing le) obstacles.

Recall that the received signa l when one reflection is present was

represented as:

y ( t )  = x(t) + ax(t — t )  (1)

and

d = c T .  (2)

The distance between the transmitting antenna and the source of the ref lec—

tion is d and c is the free—space velocity of light and equals 300(10)6

meters/second.

If y(t) is sampled uniformly every T
~ 

seconds,

y(mT ) = x(tnT5) + ax( iT 5 
— r )  (17)

or

y(n) = x(n) + ctx(n — 1) (18)

where n = mT. (19)

Therefore: n(K+l) — n(K) = (m-f-l)T — mT5 = (20)

Consequently, the shortest distance that can be resolved Is:

dmj n cT = 300(10)6 T meters. (21)
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La pract ice , various locations of obstacles probably will not correspond

exactly to a sampling time n
1
. Such an obstacle gives a cepstrum response

correspond ing to sampling times on either side of the time corresponding to

its exact location . This will be demonstrated and discussed in the next

sect i.~n. If there are two or more obstacles in a distance corresponding

to one sampl ing interval , T , they cannot be resolved. Equation 21 indi-

ca tes tha t if T equals 10/3 nanoseconds , the resolution distance is 1 meter;

however , if T equals 1 microsecond , the resolution distance is 300 meters.

5. There are other considerations common to all the methods considered

in this  detect ion problem which  are 3 i s c u - ,sed in the concl usions.

4 . AN TF.NN A RA fl1 IA T ION PA TT ER N PRfl CF. SSTN ( ’ .

4.1 Introduct ion

The radiation pattern of an antenna mounted on an a i r c ra f t  or missile

is composed of the rad iation from the antenna itself plus the scattered

fields from obstacles. If the contributions to the radiation pattern from

components added to the vehicle which act as scatterers or obstacles can

be identified , the information can be used to estimate the vehicle configura-

tion. A technique which accomplishes this is described below.

Figure 4 represents an omnidirectional antenna at the origin plus N

obstacles contributing to a far—field pattern , E(d,~) :

N i~~ 
j(2ri/A)d cosq ) 22E(~ ) = 1 + ~ A .c ~

1=1 
1
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/ / /
ANT ENNA A ,€ lY~ A 1 e JV ’e

REFLECT I ONS FROM OBSTACLE S WHICH CONTRIBUTE
TO ANTENNA FAR-F IELD

FIGUR E 4
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where :

A 1 = amj litude of scatterin~ signals ,

= phase of scattering signals ,

= wavelength of t r a n s m i t t e d  signal .

The f ie ld  s t rengt~1 of the antenna at the origin has been assumed to

equal 1.

Note that the scattering from the obstacles has been assumed omni-

directional also. This may not be true. However , as will be seen in

Section 4, the sampling of the antenna pattern is done over a limited

range of angle (never greater than ~/2). Consequently ,  the hypothesis of

omnidirectional scattering is reasonable.

To illustrate the method , assume that there is only one obstacle or

scatterer a distance d from the antenna and that d/~ is an integer. These

restrictions will be removed later. Under these conditions , the far field

may be represen ted as:

E(~ ) = 1 + ~~~~~~~~~~~~~~~~~~~~~~~ (23)

Our problem is to determine d. We proceed as follows. The pattern is

sampled at K values of ~~ . The method of determining 
~K’ 

the K values of ~~~,

results from the analysis below.

j  +j (2 iT d/ X )c os 4
~KE(K) = E(4

K
) = 1 + AE (24)

Now take the discrete Fourier transform (OFT) of (24)

e(n) = 

(N—l) 
+ An K )c _i (2 N) nK (2 5)

K=0 2r
(N—i) _j-WK(n_ (N/K) (d/A)cos4 K)

= N~S( n)  + An 3 
~ e ;

K=O n = 0 ,1,2,... (N—i) (26)
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If the  sampling is ox~ne such that cos = n~ , where n~ is an in teger

constant , 1 < n0 < (N—i),

— i K (n—n
• e(n)  = £ 

N 0 
+ ~~ (n )

K= 0

= NAt~~~~
(’n - n

0
) -

~~ ~~ (n) (2 ?)

In othe r words , under these condit ions the ~‘our ie r  t ransform of the pa t t e rn

yields an impulse at n0
.

How can this be used to determine d? This can be done choosing the

~K 5 judic ious ly .

If we sample ~ such that cos ~ = (b) , (28) *

(2 9)

This represents the essence of the method. To sui~marize , if the

pattern is sampled In the non—uniform manner as described by ~28,’, the OFT

of this data includes an impulse at where d = ~‘r.1. Consequent ly,  the

position of the added obstacle with respect to the antenna has been estimated.

It has been assumed for simplicity that d/?~ is an Integer and that

only one obstacle is present. These requirements are relaxed in the more

general results developed below. Also , the validi ty of this method is

demonstrated by the results of a number of computer simulations.

In the simulation program , the Inverse FFT is used instead of the FFT

and , therefore , the factor N multiplying (27) does not appear In the simula-

tion results. Aiso, the magnitude only of the data multiplied by the scale
* • iT
This implies that the pattern is sampled over the range : 0 < ~~ <

16
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fac tor 10 is p lotted in all grap hs.

Also , it should be pointed out that while this method resulted from a

~,tudv of cepstrutn echniques , it does not make use of cepstrum analysis.

It is based on the following obser-~a:ions:

1. In (26), which is DFT of the sampled values of the radiation

patte rn ,

(N—i) —j — K ( n — n  )
C 

N

K= 0

N d
unless (n—n

0
) = 0 , where n0 

-
~~ 

-
~
- cos

2. Consequently , if the sampling points, 
~K 

are p icked such that

cos iK 
= K/N , (26) will be zero for all n except the impulse at the origin

and value at a = n
0 

= dP. This is indicated in (27).

4.2 Simulation: d/A = Integer; Single Reflection.

The computer program , NY A KA/CEP MLD , was used to carry out the simula-

tion of this technique. A copy of :he computer program is included in the

appendix.

Case 1: Sing le R e f l e c t i o n

Figure 26:  A~
3’

~ = 0.2

d/ A  = 3

Number of Sam p le Points = 8

Figure 27 :  An 3
~ = 0.2

d/ A  = 3

Number of Sample Points = 16.
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Figure 28: Ac~~
’ 

= 0 .2

d/ X  = 3

Numb~~ of Sample Points = 32

These three cases were run to indicate tnat the numbe: of samp le points

does not affect the results.

Case 2. d~ /~\ = Integer ; Multiple Reflections

Where more than one reflection is present and all are integer multip la

of from the antenna at the or~~ in , the analysis can be extended in an ob-

vious manner. The OFT of (22) is:

ii
e(rl) = N [~~(n) + ~ A c  ~~(n — (30)

i= l

where cos ~~ ,, ari d d = n .~~. Th .~s is ilius c rated in the followingr.. N 1 1

figures:

Figure 29: AC
jA 

= 0.3

d/ A  = 7

Number of Samp le Points = 32

ill yr2Figure 30~ A1c = 0.2 ; A2~ = 0.1

d
1
/ A 3  ; d

2
/A = 6

Number of Sample Points = 32 .
‘
I

I 

ill j~~2 .113Figure 31: A
1
C = 0.4 ; A~ c = 0.1; A

3
c = 0.2

d1/A 
= 2 ; d 2P 7 ; d 3/A  = 13

Number of Sample Points = 32.

These results are as predicted by the analysis.
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Case 3: d/ -~ = Noninteger ; Integer Program

In t h i s  s e r i e s  i f  ~. i r , l i i t i r n ’ . t h e  same p r o c e s s I n ~ (or pr og r am) ~z,-is

used as in cases 1 and 2, but d ~~~~~ not e~~ u n ~ to  i n t eg e r  r m z l t l r les of - .

Notice that It is sti l l possible t c  est  i rc ;~t. o t h e  l o c a ti o n s  of t h e  sources

of reflection . Experi ence cnn improve t i e accuracy of t he se  e s tim at e s .

B e t t e r  e s t i m a t e s  can be o l r ; ~in ed  by more sophisticated processing such as

desc r ibed  in Cases 4 and 5.

F ig .  32: Ar = ( .2

d / ’  = 1 .2

F ig .  33: A~ =

d/ ~ = 3 .5

F i g .  34: Ac~~ = 0 .2

d /~. = 3.8

j •y
3FIg.  35: A 1C = 0 .2  ; A 2 c = 0.2 ; A 3 E = 0 .4

d
1/~ = 2 . 2 5 ;  d

2
/ )  = 2 .7 5 ;  d

3
/ A  = 5

yr 1 yr 2Fig.  36: A
1

n = 0.3 ; A2
c 0.1 ; A 3

c = 0 .2

d 1/~ = 2 .3 ; d 2 /A 2 . 6 5  d 3 /A 5

Observe that In all these cases , the largest response occurs at the

value of n that corresponds to the best approximation of d/A . However ,

exper ience and/or further analysis is required to develop rules about

whether the spurious responses correspond to weak reflections or may be

d isregarded . For Instance In Figure 33 where d/A 3.5, the response Is
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symmetrical about that point and , t. ;itI exper ience , one would interpr et

t h i s  as a single r e f l ec t ion  at d/A = 3 . 5 .

Because , in general , d/A will  not equal  an in teger , methods  of de-

cecting any value of d were investigated. Some of these results are de-

scribed below.

Case 4: d/? = Noninteger; Modified Processing ; One R e f l e c t i o n

In the analysis of this method in Section 4.1 itt equation 25,

we set

N d cos = ti~~ (31)

and 
K

cos 
~K N  (32)

so that
d

-

~~ 

= n o

and a response occurred -at n0 .

On the other hand , consider the case where :

-

~~ 

= (m + ~
) ; p,q,m are integers (33)

Also assu~. that : N = Jq ; J and q are integers (34)

Now , for a response at n0,

fl
0
r

=

K

•

~ 
f cos 4 = Jq (qrn + ~~ ~~~ 4 K (35)

Let cog J(qrn + ~
) ; K = 0 ,1,2 . . .  (N-l) (36)

and n
0 

r
0~

Beca use t eos 
~K 1 < 1 and 0 < K < (N—i),
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r
O 

< 
+ 

. (37)

Equation (36) gives the rule for determining the sample values of

Under these condi t ion~i , a response at r = r~ ind icates an obstacle at

dP = (m + 
~~
) .  This is illustrated in Figures 37 and 38.

Fig. 37: Ac~~ = 0.45

= 3 .~

1K K *
Cos 0K 

= 16(7) — K = 0 ,1, 2 ... (N—i).

A response , ~ (n — 1) = O .4 5 ,i~ observed in Fig. 37.

Fig. 38: AE3~ = 0.45

= 10.5 = 3(3.5) = 3(3 +

cos = ; K = 0,1,2,... (N—i)

In this case where d/X = 3(m + ~~~) , 
the response occurs at n=3 as indicated

in Fig. 38.

Case 5: d/A = Noninteger; Modified Processing ; Multi p le Reflections

Routines were developed to detect multiple reflections located st

noninteger values of d/A . One will be illustrated for a particular case

of two reflections . Rewrite (24) , the equation for the samp led f ield , as:

~~~~~~ . 
j ( 1 lc050K) fl’ 2 j(4~d2cos4K)E(K) = E(4

K
) = 1 + A~ C £ + A

2
n £

*
In the processing modified for noninteger values of dfX , 4 is sampled over
an even smaller range than 7T/2.
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(N l) j11 i
�d1COs4~ ~~

‘2 j~—d2cos4~ —j~~ nKe(n) = 
~ El + A

1
c c + A7’ £ Ic

K=O

(N 1) il
~ 

—j (n— .~~L ~~~~~~~~~~~~ ~
= N~ (n) + ~ [A

1c £ - K K

K= 1

d

~
‘2 ~~

m
~~~~~ K 

cos.
K
) _ij~K

+ A c  £ / 
]c

We wish to choose the samp le points , 
~ K’ 

of the antenna pattern such

that :

d
i N  d2 N

— —s-- -
~~ cos 0K 

= = - -

~

-- 

~~~ 

cos

Under th is  condit ion , a response at n
1 will  indicate  a source of re-

flec tion at d
1 and a response at n2 will indicate a source of reflection

at d2.
d1 p 1 d2 p

2Let : —f = (m + _±) and — = Cm + —).A 1 q1 A 2 q2

Then : cos 4K 
= ft c

l
q
1
+ 

= n
2 ft p

2

Suppose: N = 32; —
~~~~ = 1.25 = 

~~~ T 
= 2.5 =

— (4) (2)cos 0K — n1
K 32(5) n2K 32(5)

K ri 2 K
— m

l ~~~~~ 
= _____

Therefore , if we let n1 = 1 and n2 2 ,

~~~~~ 4K = ; K = 0 ,1,2 ,3, ... (N—i)
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and the  samp le points  are  de te rmined  b y the fo rmu la :

= arc cos -
~~~~ 

; K = 0, 1, 2, . ..  (N—i).

This is illustrated in Fig. 39.

= 0.3 ; A
2
c = 0.45

d1 
d
2—s-- = 1.25 —i--- = 2.5

cos 
~K = ; K = 0, 1, 2, 3 ... (N—i)

The resul ts  are as pred ic ted  by the ana lys i s .

4.3 Summar~

The analysis and simulation in Section 4 demonstrate the

soundness of technique of de tec t ing mul t ip le ref lec t ions  of a vehicle b y

moni tor ing its RF tra~-tsmIssIons . This was accomplished by a special non-

un iform samp ling of its radiation pattern and applying the FFT. Some of

the unsolved problems are:

1. The analysis assumed a linear array of reflectors. This must be

generalized to Include the case of reflectors at arbitrary positions .

2. The problem of the min imum distance between two obstacles that

can be resolved by this method has not been studied. It is clear that

d > ~ can be resolved .

3. The effect of noise has not been considered .

4. General problems are included In the conclusions.
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5. CONCLUSION

The theoretical soundness of apply.ng cepstrutn and associated tech-

niq ues to the problem of determining a vehicle ’s configuration by moni-

toring its RF external transmissions has been demonstrated by the analysis

and simulation developed in this report . The results are sufficient ly

promising to warrant further study to determine if these methods are

prac tically feasible.

A number of assumptions and limitat ions in this study should be in-

vestigated .

1. It was assumed that the obstacles can be represented as point

sources of reflect ions with omnidirectional scattering patterns . This

must be checked.

2. Reflections arid scattering from the terrain and other sources have

been neglected . The validity of this assumption must be investigated.

3. Performance of this technique in a real, noisy environment must

be investigated .

4. The ability of this technique to resolve distinct obstacles, in

practice , must be verIfied . This is related to (1) above.

5. Throughout the work in this report we have solved for the dis-

tance, d , between an antenna and a scattering obstacle. This does not

give a precise location of the obstacle. This result , d , depends on the

difference in total tIme of transmission of the received signal from the

antenna and the scattering obstacle. Therefore, the point determined by

d can lie anywhere on an ellipse whose foci are the transmitting antenna

24
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and the receiver. Strategies, such as performing more than one measure-

ment, should be studied which will give a better estimate of the exact

location of the source of reflection or scattering .

6. In addition , there should be further study of problems peculiar to

the specific method of signal processing used as discussed in Section 3

and Section 4. This will help determine which specific method is best.
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Fig. 5. t(n)
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Fig. 6. y(n) x(n) + ctx(n—n0) x(n) + O.2x (n—3)
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Fig. 7. h(a) — E O.25n
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Fig.. 8. 4(x(n) *h (n ) ] * 4R (n )
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Pig. 10. Real Cepstrum of 8(n) h(n)*[x(n) + 0. 2x(n — 3) )

(see x(n) in Fig. 5; h(n) In Fig. 7)
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Fig. 11. x(rt); 2 Reflections

32 

-1

—— -~~~~~ _ _ _ _  
__ -

~~~~~~~~~~~~
- 

~4

4
-

~ 
__________ ‘— r — - n - --  - - -. - r~..-



- -

(2

CD

CD

C C C

CD

C C C
Lt

N

Fig. 12. y(n) = x(n) + 0 .2x (n—3)  + 0.lx(n—4)
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Fig. 27. Delay Determination : A — 0.2; d/A — 3;
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Fig. 30. Delay Determination : A1 0.2;  d1/A — 3; *2 — 0.1;
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Fig. 37. Delay Determination : Noninteg~r Program
A = 0.45; dIA — 3 .5 ;  N 32; SF — 10
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Fig. 38. Delay Determination: Noninteger Program

A = 0.45; d/X 10.5; N — 32; SF — 10
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APPENDIX
Computer Program : Time Signal Processing (SILVERMAN/DRSIL)

10*tRUt9— * /RAMESH/I.1O1A3 U()~~~~S

2 Ot;
3 Ot.
40 REAL.. MN,SF
50 COMPLEX ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
60 LIIME:NsiuN OELAY’16
Jo CHARACt ER iF ~N AM F: * 56 ,x L1~L *i  ,YL 8L * 12
80 1 PRINI ’NAtIE
90 REAI:’ :NAHE
100 XLHL— ’H’
110 YLB1.—’X’
120 PR I N T :  ‘L:.~ ’ IF: R THE. i—’UwE ~ : OF 2
130 R E A D : M
110 NSAM—2**M
150 WRJIE (03, i0)NAME~ XL.Ht... iYL 81... V N S A M
160 10 FORMAT(A56,Ai,A17,.t.3)
1/0 PRINT: ‘ENTER SAMP l E VALUES’
180 i:u: ~0 I—i,NSAM
190 READ :x D
200 20 WR .[ r E ( o 3 , i_ I ’ > C A 8~-~c X ( 1.
2i() 12 Ft) RMAT ( E16.8 )
220 PRINT: • NO OF F:EFL.ECT IONS’
230 REAL’: NP
210 PRINt:’ENIER ALPHA VALUES ’
250 III) 30 1— 1 ,NP
260 30 REALI:AL.F’HA n

P R I NT :  E N T E R  r: ’EI ...Ay s’
280 Lb 40 I— i,t~W
290 10 REAFI :[IEJ..Ayu)

~ O() Y L R L — ’ Y ’
310 WRITE (03~~10)NAME,XLH1 ,YL..)~I..~~N SOM
320 riO 60 N 1,N SAt I
330 SUM—0
310 ru:t so i-— i v N P
350 Ni”— N—L bEt ..AY ( I )
~60 IF( N1)  15, 15,4?
3/0 15 MN—0
38() 130 TI) 50
390 17 MN—ALPHO (I)*X (N))
100 50 SUM—SUM+MN
4 1()  Y ( N ) — X ( N ) + S t ) M
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(SILVER~1AN/ DRSIL) continued

420 60 WRIJE (03,12,I CAES (Y (N))
130 F-RJN1:’X (N VALUES ARE
4 4 0  PRINr: X cI~~~r— 1,NSnM
i~ J u PR [N1 :’y(N) VALUES ARE ’
160 I-PINT : Y (N) ~N—- 1 ~Ns(u1)
I/O CALL.. H- I (X  ~M)
180 CALL I - F l  ( Y , M )

Y L#I - ‘ H’
510 WR1~ E ( 0 3 ,  1 0 ) N A M E F X L . 8 I ..~~YL8L . ,P-)SAM
55(1 Ib U .‘( -j ~~~~~~~~

56<) H( I ) EX P(--O.25i’~( 1 — 1 ) )

~~.‘0 JO UP]  ) E( 03 ,  i 2 .~CA 8 8 ( H (  1Y~
PLENI ‘H V A L U E S  ARE ’

(H(  I)~ I— i  ~NSArl )
6N LOL L. F - E 1 ( H~~M)

tiC) 80 [ 1  ~N SOM
l-:c L )~—X ( I flt~H( I)

650 X ( i ) — A 1 ~S ( R ( . t . > )
o60 x (  .1 )- - X (  I $~~~~c .1
‘-/ 0 If (X ( I  .ED.O) X c  1. Y— 0.o00000000i.
680 X (I)~~AL.Oti (X (.E))
690 s( :r ) — y (  I )~~H( I.
‘0<) I - Y~~~ J~5 ( H (  1 ) >
/10 ‘:0 Y~ t )— ‘A L IJ ( i (Y (  1 > * - Y  ( E n
i:0 YLHL.— ’X * H ’
/25 CALL .ENVF- I (R ,t 1 )
/3’.) W RI IF . ( 03 ,J .O ) NOME7 X LBL . PY LR L_ ,NSAM
.‘lO W R I 1 E o.~, 12.1 (LA}8 (RC i n,  i-- i ~N SAM )
760 LOLL INVF S~~M)
770 YL8L ’Y*H’
/80 URIT E(03; 1 0) N A M E , X L E L . , Y L 8 1 .  ~N SAM
/90 W R I T E ( 0 3 ,  12 ,  ( );A8~:;(S( I)), I— i ,NSAM)
800 CALL. :ENV FI(x ,M)
81<) CA LL INVFI( Y~~M)
82<) P R I N : ’ I H E  RESU L IS ARE ... 
83<) V L }~L. ‘1~IL x 10’
84() W R1TE (03~~iO) NAMF,x1 . Rl ~-Vl. .Ht .. y NSt1r1
850 DO 90 .L—i,NSAM
860 X ( I ) - Y ( J ) - - - X ( U
870 W R1 I E(03 v i2)(.:Ap~.( X (  :i )*~i()880 90 FRINI  X <  :1 , I
930 PR IIN1 :‘F-INJsHErr~ ENtER ‘ 

~~~~~~~ 10 siot - ’ , ~~u’ 10 l~lIN i iNI IF ’
940 PEAL ’ : i f
95<) .11- I F • I- * ‘NO’ lit) tO 1
960 STOP
970 ENII
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(SILVERMAN/DRSIL) continued

980 SURR(J(JFINE E El  (X,M)
990 COMPLEX X (128) ~UvW ,F
1000
1010 NV2~ N/2
1020 NM1—N--- 1
1030 J~~11 040 DO :7 I 1 NM 1
1050 .E F (I.13F.J t:~o iu S
1060 T — X ( J )
1070 X (.J) X (I)
108<> X ( I ) ~~T
1090 5 K -NV2
1100 6 IF(K. t3E .J) (30 IC) •/
1110 J-~J—- K
112<) K-~tc /2
113<) 130 11) 6
1140 7 J— .1+1<

1150 Pi—3.1415926535R979
1160 rIO 2<) L — 1 v M
1170 L.E~~2**L
1180 LE1 .--L .E/2
1190 U— i.
1200 W~~CM P L . X ( C O S( P I / F L O O 1 cLEl ) ) , — S i N c p : r / F L . (:)A - r c l E 1 ) ) )
1210 00 2() J~~i,L.E1
1220 m l  10 1-~— J ,N , L E
1230 IP~~I+LE1
1210 T—X (IP)*U
1250 X ( I P ) — X ( I ) — T
1260 1<) X I)—Xu)+T
127<) 20 tfrU*W
1280 REtURN
129<) EN D
1300 SU8ROUTINE JNVI- I (X , M)
1310C*X IS (H~ ARRAY CONTAI NS tHE. TRANSFORM INIr:EAL.LY
1320C * AND FINALLY CONTAINS THE SEUUENCE .
1330 COMPLEX X ( 1 2 8 ) , I J , W , T
1340
1350 NV2~ N/2
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(SILVERNAN/DRSIL) continued

1360 NM1—N-- i
i-3?() .i—i
1380 riO 7 I—1,NM1
1390 IF( :r •or~:.j> ou rt:i s
14(X) l—X (J)
14 10 X ( J ) — X ( I )
1-420 X ( I — T
1430 5 K—NV2
1-140 6 IF (K.OE.J) 13(1 TO 7
1450 J—J— K
1 460 K -K / 2
1 170 130 10 6
1180 7 J-~J+K
149<) P:I:~ 3. 141592653589791 50() ItO 20 1— 1 , LI
1510 LE—2**L.
1520 LE1~~LE/2
153<) U— i.
15-10 W CMPLX (COStPI/FLOAT (LE1))vSIN (PI/FLtJAT (LE1)))
1550 DO 2<) J— 1,LE1
1560 i:to 10 I—J,N~ LE
1570 IP—I+LE1
158<) T— X ( I P ) * U
1590 X (IP)—X (I)—T
1600 10 X (I)—X (I)+T
1610 20 Ur~U*W
1620 EN—N
1630 DO 30 I~- 1 ,N
1610 X ( I ) — X ( I Y ~’l- N
1650 30 CON~~ENUE
1660 RETURN
1670 EN D
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Computer Program: Radiation Pattern Processing (NY AJCA /CEPMLD )

10**RUN * /RA MESH/DATA1 ‘03
20 SUBROUTINE INVF 1 (X ~ M )
30C*X IS THE ARRAY CONTAINS THE TR ANSFORM INITIALLY
40C* AND FINALLY CONTAINS THE SEQUENCE .
50 COMPLEX X(128) ,U~ W~ T
60 N—2**M
70 NV2=N/2
80 NMI=N—1
90 J=1
100 DO 7 I=1,NM1
110 IF( I .GE.J )  GO TO 5
120 T=X(J)
130 X (J ) =X ( I)
140 X (I)=T
150 5 K~ NV2
160 6 IF(X .GE.J )  GO TO 7
170 J ’J—K
180 K K / 2
190 GO TO 6
200 7 J~ J+K
210 P 1=3.14159265358979
220 DO 20 L 1, M
230 LE=2**L
240 LE1=LE/2
250 U~ 1.260 W~ C M P L X ( C O S ( P I / F L O A T ( L E 1 ) ) , S I N ( P I / F L O A T ( L E 1 ) ) )
270 tiC) 20 J~~1v L E 1
280 DO 10 I=J ,N,LE
290 IP ~~I+ L E 1
300 T=X (IP)*U
310 X ( I P ) = X ( I > — T
320 10 X ( I ~~~X ( I ) + T
330 20 U ’U*W
340 FN=N
350 DO 30 I-= 1 ,N
360 X ( I )=X ( I ) / F N
370 30 CONTINUE
380 RETURN
390 END
400 SUBROUTINE PATTN (E~ X )
410C*THIS COMPUTES F I E L D  PATTERN AT ANGLES PHI
420 COMMON A ,DL ,M ,NR
430 INTEGER M,NR,K I

I
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(NYAKA/ CEPMLD)

440 REAL X ( 12 8 ) ~~D L ( 1 0)
450 COMPLEX A ( 1 0) ~~E ( 12 9) , E S K I
460 N=2**M
470 P 1 3.14159265358979
480 DO 20 I~- 1 , N
490 E (I)=CMPLX (1.0,0.0)
500 DO 10 K=1,NR
510
520 BKI=2.0*PI*DL (K)*X (I)
530 ESKI A (K)*CMPLX (COS (BKI ) v—SIN(B K I))
540 E (I)~~E (I)+ESKI
550 10 CONTINUE
560 40 CONTINUE
570 RETURN
580 END
590C MAIN PROGRAM
600 1 PRINT: ’t’
610 READ :NUME IER
620 PRINT: ’ PLOT t’,NUMBER
630 COMMON A , E I L . M , N R
640 REAL Z (  128) ,R( 128 ) ,X (128 ) ~DL ( 10) ~SF
650 COMPLEX A ( 1 0 ) ~~E( 128) ,Y ( 128 )
660 CHARACTER I F ,NAME *5 6 , XL BL *1 ,YL BL *12
670 P R I NT: ’N =2 * *M ~ EN rER ‘LI ’
680 REA D:M
690 N~ 2**M
700 PR INT:’ t  OF REFLECTIONS ’
710 RE AD :NR
712 P R I N T : ’ V A L U E  OF L ’
714 REAL I:L
716 IF(L) 25,22,25
718 22 L N
720 25 DO 30 I=1 ,N
730 XM=I — 1
740 X (I)=XM /L
750 30 CONTINUE
760 PRINT :VALUES OF A (I)”
770 DO 31 J=1,NR
780 31 READ :A J
790 PRIP’IT :’VALUES OF DL (I)’
800 lID 32 J=1 ,NR
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~ NyAXA/CEP~i1..D) continued

810 32 READ :DL J
820 CALL PATTN (E~ X )
830 DO 33 1 1,N .
840 IL=I
850 33 CONT iNUE
860 DO 35 1 1,N
870 IL I
880 Y (I) E (I)
890 35 CONTINUE
900 CALL INVFT (Y ,M )
910 PRIP4T:’SCALE FACTOR ’
920 READ :SF
930C*Y( I)  WILL BE FINAL SEQUENCE OF COMPOSITE FIELD
940 XL BL — ’ N ’
950 YL BL= ’ CABS (Y )* SF ’
960 PRINT: ’ NAME ’
970 READ :NAME
980 W R I T E ( 0 3 , 3 7 )  NAM E,XL B L ,YL EIL ,N
990 37 FORMAT ( A5 6 ,A1 ,A1 2~ i3)
1000 DO 40 I = 1 , N
1010 I N I
1020 PRINT: (IN—1 ),CAB S (Y (IN)),Y (IN)
1022 Y IN ~ C A B S ( Y ( I N ) )
1024 IFCY IN— 0 .5) 38,38,39
1026 3 V I N ~~YI N *SF
1030 39 WR ITE (03 ,45) YIN
1040 45 FORMAT (E16.8)
1050 40 CONTINUE
1060 PRINT: FINISHED ? ENTER ‘ YES’ TO STOP , ‘NO ’ TO CONTINUE ’
1070 REA D: IF
1080 IF(IF. EO. ’ NO’ ) GO TO 1
1090 STOP
1100 END
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Computer Program: Plotter Routine (RAI1ESU/PLTCP3)

lit N, J
70$ I L I EN r BL 000001r PE R I N I — R M , 9 5670016 0 12 1,PLTC P3
30$ OPTION FORTRAN
40$ FORTY
50 DIMENSION X ( 5 0 0 ) ,Y (5 0 0 )
,40 CHARACTER NAME*56~ XL BL*1 ~YL BL*12iUSER*9
70 CALL INITA L ( 26 ,500,12,1,0,0)
80 USER— ’PERlNI-NY ’
90 101 READ (03 ,1, END— iOO ) NAM E,XL B L ,YL B L rN
100 1 FORMAT (A56 ,A1~ A 12,I3)
110 READ (03 ,3) (Y (I)~~I— 1 ,N )
120 3 FORMAr (E16 .8)
130 CALL RSTR (2)
140 XAXIS—N *0 .125
150 Y A X I S— 6 . 0
160 CALL P L O T ( 2 . 0 r 2 . 5 , — 3 )
170 CALL S YM B U L (— 1 . 0 p - 2 . 0 , . 5 6 , U S E R ; 9 0 . 0 7 9 )
200 CALL A X I S ( 0 .~~0 . , X L B L , — 1 , X A X I S v 0 . ~~O .~~8 . 0 , — 1)
210 CALL AXIS(0.,0. ,YLBL,+12;YAXIS;90.;0.71.081)
215 CAL!.. PLOI (0.,Y(1),3)
216 CALL MARI.ER (1)
217 CALL PLOT (0,r0.,2)
220 00 10 I — 2 , N
223 X (I)—0.125*(I—1)
224 CALL PLOT (X (I)~~Y (I),3)
225 CALL MARr5 ER (t)
226 CALL PLOT (X (I),0.,2)
227 10 X (I)—X (I)+0.125
230 CALL SYMBQL (-.75,—2.0, .14,NAME ,0.0,56 )
240 60 TO 101
250 100 CALL R STR (2 )
260 STOP
270 END
280$ SELECT LIBRARY/COMPLO 1
290$ EXECUTE
300$ 11862 1,PLEASE RUN TAPE THROUGH PLOTTER
310$ MSG2 1rA T COMPLETION OF THIS JOB
320$ LIMITS 30,20K,,,
330$ FFILE 26,NSTDLB ,NOSRL S ,FXXLNG/226rNOSLEW~BUFSIL/226
340$ TAPE9 26,X1D, ~I6725, ,SUPLOT—SW v ,DENB
350$ PRMFL 03, R/W , S, BLA00001 /RAMESH/DATA3
360$ ENOJOB
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